Aims/hypothesis We aimed to evaluate the link between severe hypoglycaemia and domain-specific cognitive decline, smaller brain volumes and dementia in adults with type 2 diabetes, which so far has been relatively poorly characterised. Methods We included participants with diagnosed diabetes from the community-based Atherosclerosis Risk in Communities (ARIC) study. At the participants' fifth study visit (2011)(2012)(2013), we examined the cross-sectional associations of severe hypoglycaemia with cognitive status, brain volumes and prior 15 year cognitive decline. We also conducted a prospective survival analysis of incident dementia from baseline, visit 4 (1996-1998), to 31 December 2013. Severe hypoglycaemia was identified, using ICD-9 codes, from hospitalisations, emergency department visits and ambulance records. Prior cognitive decline was defined as change in neuropsychological test scores from visit 4 (1996-1998) to visit 5 (2011-2013). At visit 5, a subset of participants underwent brain MRIs. Analyses were adjusted for demographics, APOE genotype, use of diabetes medication, duration of diabetes and glycaemic control. Results Among 2001 participants with diabetes at visit 5 (mean age 76 years), a history of severe hypoglycaemia (3.1% of participants) was associated with dementia (vs normal cognitive status): OR 2.34 (95% CI 1.04, 5.27). In the subset of participants who had undergone brain MRI (n = 580), hypoglycaemia was associated with smaller total brain volume (−0.308 SD, 95% CI −0.612, −0.004). Hypoglycaemia was nominally associated with a 15 year cognitive change (−0.14 SD, 95% CI −0.34, 0.06). In prospective analysis (n = 1263), hypoglycaemia was strongly associated with incident dementia (HR 2.54, 95% CI 1.78, 3.63). Conclusions/interpretation Our results demonstrate a strong link between severe hypoglycaemia and poor cognitive outcomes, suggesting a need for discussion of appropriate diabetes treatments for high-risk older adults.
Introduction
The link between hypoglycaemia and cognitive function is complex but of great importance for the treatment of diabetes in both young and old adults [1, 2] . The short-term cognitive effects of hypoglycaemia are clear: even brief or mild hypoglycaemia causes symptoms of confusion and cognitive difficulties [3] . Although cognition appears to improve within an hour of restoration of normal blood glucose levels [3] , there is concern about lasting brain damage, given case reports of brain abnormalities seen on diffusion-weighted imaging during hypoglycaemic coma [4, 5] . It is, however, unknown whether less severe and recurrent episodes of hypoglycaemia can produce permanent brain damage.
Some epidemiological studies have linked severe hypoglycaemia, defined as hypoglycaemia requiring assistance, with incident dementia, suggesting that hypoglycaemia may have long-term consequences for the brain [6] [7] [8] . Other longitudinal studies have, however, not demonstrated a consistent association between severe hypoglycaemia and subsequent cognitive decline, as measured by neurocognitive testing [9] [10] [11] . This raises questions about the mechanisms connecting hypoglycaemia to dementia, as a diagnosis of dementia is defined by loss of cognitive abilities resulting in impaired functioning in regular activities of daily life [12] . Additionally, there may be a bi-directional association between severe hypoglycaemia and cognitive function [7, 9, [13] [14] [15] [16] : several studies have shown that poor cognitive function and cognitive decline are associated with incident hypoglycaemia, probably mediated in part by an impairment of diabetes selfmanagement [14] [15] [16] . Indeed, individuals with dementia have a high risk of hypoglycaemia [7, 9, 13, 17] . This raises the possibility that cognitive decline before, or concurrent with, an episode of hypoglycaemia could in part explain the observed association between hypoglycaemia and subsequent dementia.
The overarching objective of our study was to evaluate comprehensively the association of severe hypoglycaemia with cognitive measures in a community-based population of adults with type 2 diabetes. By examining both dementia and cognitive decline in the same study population, we hoped to clarify the complex interplay between hypoglycaemia, cognitive decline and dementia. By examining domain-specific cognitive decline, we hoped to determine whether deficits associated with hypoglycaemia had a different signature from those associated with hyperglycaemia, which typically most strongly affect the executive function domain [18] .
Our specific aims were: (1) to describe the prevalence of cognitive impairment and dementia in old age among those with and without a history of severe hypoglycaemia ('crosssectional cognitive status' analysis); (2) to compare total and regional brain volumes measured by MRI among those with and without a history of severe hypoglycaemia ('cross-sectional brain MRI subset'); (3) to determine whether a history of severe hypoglycaemia was associated with greater domainspecific cognitive decline ('prior cognitive decline' analysis); and (4) to determine the magnitude of the association of severe hypoglycaemia with incident dementia in a prospective survival analysis ('prospective incident dementia' analysis). [19] . Since baseline, participants have attended up to six study visits. The present study included only those participants with diagnosed diabetes by selfreport of diagnosis or diabetes medication use. We identified individuals with possible type 1 diabetes as those who reported only insulin use (with no oral medication) at all study visits. Up to 34 individuals in each analysis had possible type 1 diabetes; as exclusion of these participants did not change the results, we retained them in our final analysis.
Methods

Study population
For the 'cross-sectional cognitive status', 'cross-sectional brain MRI subset' and 'prior cognitive decline' analyses, participants were selected from visit 5 (2011-2013) All ARIC participants gave their informed written consent, and institutional review board approval was obtained at all study sites.
Severe hypoglycaemia Severe hypoglycaemic episodes were identified from hospitalisations, emergency department visits and ambulance calls by a widely used algorithm that employs primary position ICD-9 codes (www.icd9data.com/2007/ Volume1) [20] . Hospitalisation records were available from two sources: (1) active surveillance, which captures all hospitalisations from local hospitals and also includes hospital records for ARIC participants who report hospitalisations outside the local catchment area, which has been available since visit 1 (1987-1989) [19] ; and (2) linkage to Medicare claims for hospitalisations among participants enrolled in Medicare, which has been available since 1991. Emergency department visits and ambulance calls were identified from outpatient claims for those enrolled in Medicare fee-for-service Part B (88% of participants). Severe hypoglycaemic events were ascertained up to 31 December 2013.
Cognitive status: mild cognitive impairment and dementia Assessment of cognitive status (normal, mild cognitive impairment or dementia) was based on available cognitive test scores from visits 2 (1990-1992) , 4 (1996-1998) and 5 (2011-2013) , the Clinical Dementia Rating (CDR), based on interviews with participants and informants, the Modified Telephone Interview for Cognitive Status (TICS), hospitalisation records and death certificates [21] . Diagnoses were standardised using an algorithm, with review by a panel of experts, who overrode the algorithm if indicated by their clinical judgement. For the analysis of incident dementia, a date of dementia diagnosis was assigned as the date of hospitalisation with a dementia ICD-9 code or, if no hospitalisation with dementia occurred, the first date of detection via the TICS or CDR, or visit 5 [22] . Follow-up ascertainment of dementia was complete up to 31 December, 2013.
Brain volumes Brain volumes were measured by MRI (3 Tesla; Siemens, various models) in a substudy at visit 5 of 1978 participants. Detailed selection criteria are described elsewhere [23] . In brief, participants who had undergone previous brain MRIs in 2004-2006 or showed cognitive impairment at visit 5 were invited to participate in the substudy, as was a 10% random sample of cognitively normal participants [23] . Weights were created by the ARIC Coordinating Center to make the sample generalisable to visit 5 attendees [24] . We examined the total brain volume and the volumes of the frontal, temporal, occipital and parietal lobes, hippocampus, deep grey matter and Alzheimer's disease signature region (defined as the total volume of the hippocampus, precuneus, cuneus and parahippocampal, entorhinal and inferior parietal lobules).
Latent factor z scores for cognitive domains To examine cognitive decline, we calculated changes in neuropsychological test scores from visit 4 (1996-1998) to visit 5 (2011-2013) . All participants who attended these two visits were administered the digit symbol substitution test, the word fluency test and the delayed word recall test. Seven additional tests were conducted at visit 5. To compare cognitive function across study visits while using all the cognitive tests administered at visit 5, Gross et al derived factor scores using confirmatory factor analysis for each cognitive domain [25] . At visit 5, the executive function domain factor score was based on the digit symbol substitution test, digit span backwards test and trailmaking parts A and B. The language domain was based on the phonemic fluency test, the Boston naming test and the animal naming test. The memory domain included the delayed word recall test, incidental learning from the digit symbol substitution test, and the logical memory test parts 1 and 2. Factor scores were standardised to mean of 0 and SD of 1.
Statistical analysis For the cross-sectional cognitive status analysis, we calculated the age-adjusted prevalence of normal cognitive function, mild cognitive impairment and dementia at visit 5 in participants with and without a history of severe hypoglycaemia (ESM Fig. 2 ). We also used multinomial logistic regression to compare the odds of having mild cognitive impairment or dementia by history of severe hypoglycaemia.
In the cross-sectional brain MRI subset analysis, we used linear regression to examine the association of a history of severe hypoglycaemia with current brain volume. All analyses were adjusted for total intracranial volume and an interaction term between sex and total intracranial volume. The MRI results were weighted to the original sample of attendees at visit 5 using the probability of selection for inclusion in the brain MRI substudy [23, 24] .
For the analysis of prior cognitive decline, we evaluated the association of any severe hypoglycaemia between visit 4 (1996-1998) and visit 5 (2011-2013) with cognitive change over the same 15 year time period. We conducted linear regression, using the difference between factor scores at visits 5 and 4 as the outcome, for global cognitive function and each cognitive domain (executive function, language and memory).
To provide context for the results, we compared the magnitude of the association for hypoglycaemia with that for age from the same model. For example, if our model found that hypoglycaemia was associated with a 0.20 SD decline, and age was associated with a 0.05 SD decline (per year), hypoglycaemia would be analogous to a 4 year difference in age, for example the average difference in cognitive performance of a 76-year-old compared with an 80-year-old individual [18] .
For the prospective incident dementia analysis, we used a Cox regression model for the outcome of incident dementia, with severe hypoglycaemia as a time-varying exposure, conceptualised as either 'no history of severe hypoglycaemia' or 'history of severe hypoglycaemia'. At baseline (visit 4), we classified all individuals as 'no history of severe hypoglycaemia' unless a history of severe hypoglycaemia was present (n = 16). Throughout follow-up, when a participant experienced an episode of severe hypoglycaemia, all their person-time after that event was classified as exposed ('history of severe hypoglycaemia'). Participants stopped contributing time to the analysis when they developed dementia or died, or on 31 December 2013, whichever occurred first. The assumption of proportional hazards was verified by inspection of log e negative log e survival curves. Because HbA 1c was not measured at visit 4, the baseline for this analysis, we adjusted for fructosamine as a measure of glycaemic control. The results were similar using HbA 1c concentrations from a visit 6 years previously.
We ran a series of three models for each cognitive outcome. Model 1 was adjusted for demographics only: age, sex and race-centre (two groups of black individuals, from Jackson and Forsyth, and three groups of white participants, from Forsyth, Minneapolis suburbs and Washington County). Model 2 was adjusted for all variables in model 1 plus APOE ε4 alleles (0 or ≥1 alleles) and education level (less than high school, high school graduate or some college education). Model 3 was adjusted for all variables in model 2 plus HbA 1c concentration, duration of diabetes and use of diabetes medication (none, any insulin use, sulfonylureas without insulin or only non-sulfonylurea oral medications). Due to small sample size in the cross-sectional brain MRI subset, we used the same series of models described above, but used race rather than race-centre, and insulin use (yes/no) instead of the four medication categories. In the prospective incident dementia analysis, we also included model 4, which was additionally adjusted for systolic blood pressure, use of antihypertensive medication, albuminuria and low eGFR (<60 ml min
), as these factors are associated with incident dementia and may also be associated with hypoglycaemia [16, 22, 26, 27] .
All analyses were conducted using Stata/SE version 13.1 (StataCorp, College Station, TX, USA).
Results
Cross-sectional cognitive status Of the 2001 participants with diagnosed diabetes, 3.1% (n = 63) had a history of severe hypoglycaemia by visit 5. Individuals with a history of severe hypoglycaemia had a substantially longer duration of diabetes and were more likely to use insulin. Additionally, they were, on average, older and more likely to be black, to have had less education and to have a greater number of APOE ε4 alleles ( Table 1 ). The median time between hypoglycaemia and visit 5 was 5.6 years (25th and 75th percentiles, 2.3 and 8.1 years).
Age-adjusted cognitive status was strongly associated with a history of severe hypoglycaemia (Fig. 1) . After multivariable adjustment, participants with a history of severe hypoglycaemia were significantly more likely to have dementia than normal cognitive function (OR 2.34, 95% CI 1.04, 5.27, model 3). Comparing mild cognitive impairment with normal cognitive function, the association with history of severe hypoglycaemia was evident but not statistically significant after adjustment (OR 1.50, 95% CI 0.82, 2.75, model 3).
As a sensitivity analysis, we examined the prevalence of dementia among participants who did not attend visit 5. As expected, the prevalence of dementia was higher among those who did not attend visit 5 compared with those who did (14.5% vs 5.1%, respectively, in individuals without hypoglycaemia). The hypoglycaemia OR for dementia was slightly lower in those who did not attend visit 5 (OR 1.82, 95% CI 1.15, 2.87) compared with those who did attend it (OR 2.36, 95% CI 1.26, 4.44), adjusting for age, sex and race-centre.
Cross-sectional brain MRI substudy In the brain MRI substudy (n = 580), 2.1% of participants (n = 12) had a history of severe hypoglycaemia. The time between hypoglycaemia and brain MRI was a median of 5.7 years (range 1.0-12.0 years). After adjustment, severe hypoglycaemia was associated with smaller total brain volume (−0.308 SD, 95% CI −0.612, −0.004, model 3; Table 2 ), equivalent to 31 cm 3 (ESM Table 1 ) or analogous to a difference in age of 6.8 years (Table 2) . A history of severe hypoglycaemia was also associated with a smaller frontal lobe volume (−0.385 SD, 95% CI −0.766, −0.004, model 3). Associations for other brain regions were weaker or absent.
Prior cognitive decline Among the 1755 participants in the analysis of prior cognitive decline, 2.8% (n = 50) had a history of severe hypoglycaemia. Individuals with severe hypoglycaemia had greater prior cognitive decline (global factor score) than those without severe hypoglycaemia in the minimally adjusted model (−0.20 SD, 95% CI −0.39, −0.01, model 1; Table 3 ). After further adjustment, severe hypoglycaemia was no longer significantly associated with cognitive decline (−0.14 SD, 95% CI −0.34, 0.06, model 3), but the point estimate remained sizeable and was analogous to the difference in cognitive performance of two individuals differing in age by 4.6 years. Similarly, hypoglycaemia was not statistically significantly associated with domain-specific cognitive decline, but adjusted point estimates were large.
In sensitivity analyses, we additionally adjusted for the Center for Epidemiologic Studies Depression scale, albuminuria, hypertension and percentage weight change from visit 4 to visit 5. Although many of these variables were strongly . Prevalence of normal cognitive status was 70% in those without hypoglycaemia, and 53% in those with hypoglycaemia associated with cognitive decline, they did not notably attenuate the association between hypoglycaemia and cognitive decline, probably because they were acting independently, rather than via hypoglycaemia, on cognitive decline. In a separate sensitivity analysis, we modelled the change in z scores of the three neuropsychological tests measured at both visits (delayed word recall, word fluency and digit symbol substitution), the results being similar (ESM Table 2 ).
Prospective incident dementia Of 1263 participants with diabetes at visit 4 (1996-1998; mean age 64 years), 15.5% (n = 196) experienced an episode of severe hypoglycaemia until the end of 2013. Median follow-up time was 13.9 years.
Individuals who experienced severe hypoglycaemia were more likely to be older and black, and to have lower cognitive scores, at visit 4 (ESM Table 3 ). The incidence of dementia following an episode of severe hypoglycaemia was approximately five times greater than the incidence in the absence of severe hypoglycaemia (with severe hypoglycaemia, 51.3 per 1000 person-years, 95% CI 38.7, 68.1; without severe hypoglycaemia, 9.7 per 1000 personyears, 95% CI 8.2, 11.4; Table 4 ). After adjustment, severe hypoglycaemia was associated with a two and a half times greater risk of dementia, which was only minimally attenuated by adjustment (model 3, HR 2.54, 95% CI 1.78, 3.63; Table 4 ). Among the 48 participants with hypoglycaemia and subsequent Hypoglycaemia year equivalents were calculated by dividing the β for hypoglycaemia from model 3 by the β for 1 year of age from model 3. As none of the effect estimates from model 3 for hypoglycaemia was statistically significant, none of the hypoglycaemia year equivalents is statistically different from 0 dementia, the median time between these events was 3.5 years (25th and 75th percentiles 1.2 and 7.2 years). When stratifying by baseline (visit 4) cognitive function, we found a statistically significant effect modification (p for interaction = 0.004). In the lower two tertiles of cognitive function, hypoglycaemia was not associated with incident dementia, whereas in the highest tertile of cognitive function, hypoglycaemia was associated with an almost five times higher risk of dementia (model 4; lowest tertile, HR 1.45, 95% CI 0.88, 2.41; highest tertile, HR 4.97; 95% CI 2.08, 11.89; ESM Table 4 ).
Discussion
Our study documents the substantial cognitive deficits that accompany severe hypoglycaemia among older adults with diabetes. Among participants with a history of severe hypoglycaemia in this community-based study of older adults (mean age 76 years), approximately half had either mild cognitive impairment or dementia. The adjusted prevalence of dementia was approximately two times higher in individuals with vs without a history of severe hypoglycaemia. With respect to total brain volume, the deficits associated with hypoglycaemia were analogous to an age difference of 7 years. Because of the nature of our study design, we cannot determine whether these deficits occurred before or after a hypoglycaemic event, but it is clear that individuals with a history of hypoglycaemia have a high burden of cognitive dysfunction.
To our knowledge, this is the first community-based cohort study to find smaller brain volumes in individuals with a history of severe hypoglycaemia. Although there have been case reports documenting imaging abnormalities during hypoglycaemic comas [4, 5] , there has been only one other epidemiological inquiry using brain MRIs in type 2 diabetes [28] . The Action to Control Cardiovascular Disease Memory in Diabetes MRI substudy measured brain volumes at baseline and 40 months. The investigators found that individuals with severe hypoglycaemia had significantly less brain atrophy over 40 months than those without severe hypoglycaemia [28] . Additionally, there was no difference in change in the volume of abnormal white matter. Although the authors concluded that the brain was resilient to hypoglycaemia insults when hypoglycaemia did not lead to a coma [28] , it is worth noting that the average age was 10 years younger than in our study and that a 40 month follow-up period may be insufficiently short.
Our region-specific brain volume results did not, however, correspond to our expectations. We found no difference in hippocampal volume in terms of history of severe hypoglycaemia, although previous studies have shown that neurones in the hippocampus are particularly vulnerable to hypoglycaemia [29] . Similarly, we detected a difference in the volume of the prefrontal region, which undergoes hyperperfusion during hypoglycaemia to prevent damage [3] . It is therefore unclear whether the observed differences in brain volume are due to severe hypoglycaemia, or whether the brain atrophy pre-dated the hypoglycaemic episode. The difference in total brain volume was large (0.308 SD); a previous ARIC study of the same brain MRI subset found a 0.20 SD difference in total brain volume between people with diabetes who had HbA 1c ≥53mmol/mol (7%) compared with those with normoglycaemia (HbA 1c <39 mmol/mol [5.7%]) [30] .
We found a strong prospective association between severe hypoglycaemia and incident dementia, with a larger HR than seen in previous studies [6] [7] [8] . We also found a significant interaction in terms of baseline cognitive function, in that hypoglycaemia was associated with incident dementia among participants with high, but not low, cognitive function at baseline. Other studies have either excluded participants with low baseline cognitive function [7] or have not applied neurocognitive testing at baseline [6, 8] . It is possible that, as hypoglycaemia is more frequent among individuals with low cognitive function [14] [15] [16] , individuals with high baseline Similar to other studies [9] [10] [11] , we found that severe hypoglycaemia was not robustly associated with cognitive decline, although, like other studies, our study may have been underpowered. A study of older Australian adults found no association between prior hypoglycaemia and subsequent 18 month cognitive decline, but only 14 people had prior hypoglycaemia [9] . A Scottish study in which 77 of 816 participants reported previous hypoglycaemia found a significantly greater 4 year decline on one out of seven neurocognitive tests [10] . The longest study of hypoglycaemia and cognitive decline took place among participants with type 1 diabetes in the DCCT and Epidemiology of Diabetes Interventions and Complications; this found no association over a period of 18 years, but the participants had a mean age of 46 at follow-up [11] . It is possible that in young to middle-aged adults, cognitive changes are too small to detect, or that the brain is more robust to insults than in older age [31] .
In our study, the modelled domain-specific cognitive decline followed expectations, suggesting that the results could be true estimates but were underpowered. Specifically, adjustment for APOE ε4 alleles weakened the hypoglycaemia estimates for memory but not executive function, while adjustment for diabetes characteristics attenuated the hypoglycaemia estimates for executive function but not memory [18, 32] . Interestingly, the association of hypoglycaemia with cognitive decline was strongest for the memory domain, although it was not statistically significant. One possibility is that worsening short-term memory may contribute to severe hypoglycaemia, mediated by difficulty in remembering to take medications or to eat. In light of the strong association with dementia, the lack of clear association with cognitive decline could be due to the mix of study participants: some with low baseline cognitive function without much decline, needing less loss to reach dementia, and others with high cognitive function but rapid decline, leading to large variability in cognitive decline and non-significant results. Future research should consider baseline cognitive function carefully in analyses of cognitive decline and dementia.
There are clear mechanisms by which severe hypoglycaemia leads to neurological damage, but it is unclear whether the physiological extremes of hypoglycaemia in animal studies apply to hypoglycaemia in type 2 diabetes. Hypoglycaemia can cause neuronal cell death either directly or via a variety of other mechanisms, including increased glutamate production, reactive oxygen species and activation of poly(ADP-ribose) polymerase [33] . In studies of insulin-induced hypoglycaemia in monkeys, blood glucose concentrations of <1.11 mmol/l were required for 5-6 h before neurological damage occurred, and this duration of hypoglycaemia is likely to be uncommon in humans [33] . The effect of repeated episodes of less severe and shorter duration hypoglycaemia on the neurological function of older adults is unknown. Our study relied on single severe episodes of hypoglycaemia, but this probably also reflects recurrent mild episodes of hypoglycaemia. Although our study provides additional evidence, it cannot prove causality in isolation.
Our findings should be interpreted in the context of certain study limitations. First, we cannot establish temporality for our cross-sectional results. Second, there may be survival bias wherein individuals with severe hypoglycaemia who attended the study visits were likely to be healthier than those who did not attend the study visit. However, in our study, the odds of prevalent dementia when comparing individuals with and without hypoglycaemia were similar whether or not participants attended the study visit. Third, similar to other epidemiological studies relying on medical insurance claims, we were only able to identify hypoglycaemic episodes that resulted in emergency medical treatment. Fourth, our analysis of brain volumes included only 12 participants with hypoglycaemia and thus should be considered preliminary. Fifth, we evaluated a number of outcomes, increasing the risk of type 1 error. Finally, we did not have enough participants with two or more hypoglycaemic episodes to look at a dose-response relationship.
There are also strengths of our analyses. First, our assessments of mild cognitive impairment and dementia were based on robust criteria using a wide range of data, and each case was reviewed by an expert dementia committee to determine the diagnosis and probably aetiology [21] . Second, we were able to adjust for likely confounders including educational attainment and APOE genotype, which affect baseline cognitive function and rate of cognitive decline, respectively.
Clinical guidelines from the ADA currently recommend annual screening for cognitive impairment among older adults with diabetes [2] . Given the high burden of cognitive impairments and poor prognosis in individuals with a history of hypoglycaemia in our study, it may be worth considering severe hypoglycaemia as a prompt to providers to reassess cognitive function and determine whether individuals' diabetes self-management skills may be diminished.
Strategies for the prevention of hypoglycaemia among older adults are currently in development; these include riskprediction algorithms to identify individuals at high risk of hypoglycaemia [34] and determining the best approaches to adjusting glucose-lowering medications, particularly insulin [35] . Although some health systems have implemented electronic medical record-based alerts to prompt re-evaluation of diabetes treatment in older adults, it remains to be seen whether the implementation of these strategies will reduce severe hypoglycaemic episodes [36] .
In conclusion, among older adults with diabetes, those with severe hypoglycaemia have a high burden of cognitive dysfunction and are at increased risk of dementia. Careful consideration of baseline cognitive function is warranted in future analyses of hypoglycaemia and cognitive decline and dementia. Further studies are needed to determine whether interventions designed to reduce hypoglycaemia could prevent or delay cognitive decline and dementia.
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